Methane (CH4) is a potent greenhouse gas often emitted in low concentrations from waste sector activities. Biological oxidation techniques have the potential to offer effective methods for the remediation of such emissions. In this study, methods of improving the CH4 oxidation performance of a horizontal flow biofilm reactor (HFBR) technology, operated at low temperatures, were investigated. Three pilot scale HFBRs were operated over three phases (Phases 1, 2 & 3) lasting 310 days in total. The reactors were loaded with 13.2 g CH4/m 3 /hr during each phase and operated at an average temperature of 10 o C.
Introduction
Methane is a prominent greenhouse gas with a global warming potential 25 times that of carbon dioxide (CO2) and comprises almost a quarter of worldwide greenhouse emissions (Haubrichs and Widmann, 2006; Rocha Rios et. al., 2009 ). 55% of anthropogenic methane (CH4) emissions are below the lower explosive limit (LEL) for CH4 and cannot be thermally oxidised (Avalos Ramirez et. al., 2012a) . In such cases, biological waste treatment technologies can be an effective mitigation measure against these emissions (Chiemchaisri et. al., 2013; Kraakman and Witherspoon, 2013) . Biofilm reactors are a practical alternative for the control and mitigation of these emissions (Kraakman and Witherspoon, 2013; Veillette et. al., 2012; . Biofilm reactors are low cost, energy efficient and are simple to construct and operate (Veillette et. al., 2012) .
Biofilm reactors treating CH4 have been previously shown to be capable of achieving high removals of up to 100 g CH4/m 3 Recent studies have shown, however, that the limiting effect of low solubility can be alleviated in a number of different ways. Optimising the nutrients in the liquid phase to maximise methanotrophic activity in the biofilm can significantly improve performance ). The use of a secondary organic liquid phase with a higher affinity for methane than water such as polydimethylsiloxane (silicon oil) or hexadecane have been shown to result in greater rates of mass transfer in both a packed bed biotrickling filter and in a stirred tank reactor and lead to improved oxidation rates (Gulfam et. al., 2011; Bordel et. al., 2010; Munoz et. al., 2007) . Addition of silicone oil leads to improved methane solubility as the partition coefficient of methane in silicone oil is approximately 10 times lower than in water; thus at equilibrium, the ratio of concentrations of methane dissolved the oil and water phases will be 10:1 (Rocha Rios Furthermore most studies are carried out at temperatures of 20 o C or more. In many scenarios (due to the facility in question or the climate) temperatures can be significantly lower.
The horizontal flow biofilm reactor (HFBR) has been previously applied successfully to both wastewater and waste gas treatment Clifford et. al., 2010) .
The unique flow regime in the HFBR ensures good contact with the biofilm in the reactor and alleviates problems that can be associated with conventional biofilm reactors such as clogging, channelling, compaction and pressure drop. In this study, the effect of adding silicone oil, both with and without Brij 35, to the liquid phase of HFBRs treating methane gas, was investigated.
Materials and methods

Horizontal Flow Biofilm Reactor (HFBR)
Three HFBR units (HFBR 1, HFBR 2 and HFBR 3) were commissioned during these trials. Each HFBR comprised 55 horizontal plastic sheets with integrated frustums stacked vertically -one above the other. The sheet stack was placed in a sealed enclosure that could be opened for visual assessment and biofilm sampling. The working volume of each reactor was 18 L and the top plan surface area (TPSA) of the plastic media was 0.04 m 2 , giving a total media plan area of 2.4 m 2 . 6 intermediate sample ports were located along the vertical profile of each reactor allowing for intermediate samples of air and water to be taken.
The HFBR units were housed in a temperature-controlled laboratory, maintained at 10 o C.
The influent gas mixture stream comprised a mixture of atmospheric air with a CH4 gas supply. Mass flow controllers (Bronkhorst High Tech BV, Ruurlo, Netherlands), flowmeters (Key Instruments, Trevose, USA) and pressure regulators (GCE DruVa, Cheshire, United Kingdom) were used to control gas flow rates and gas mix proportions as required ( Figure 1 ).
The gas mixture, containing approximately 1.6% v/v CH4, was introduced at the top of the reactor (Sheet 1) and flowed horizontally across each sheet before moving to the sheet below. Similarly a liquid phase, introduced onto Sheets 1 and 30 of the reactor, flowed over each sheet before dropping to the sheet below (i.e. the unit does not operate as a submerged reactor). The gas and liquid exited the reactor below Sheet 55 (the bottom sheet in the reactor). Operating parameters are summarised in Table 1 Nutrients were added to each of the reactors in the form of a Liquid Nutrient Feed (LNF) mixture, similar to that used by (Table 2 ). The LNF was delivered intermittently (10 mins/hr) via a peristaltic pump. The LNF was delivered in a step feed manner, i.e. 75% of the LNF (3 L/day) was dosed onto Sheet 1 and 25% of the LNF (1 L/day) onto Sheet 30. , each caption has been checked for consistency. Where the word "phase" refers to the title of the phase of study, e.g. "for Phase 1" or "during Phase 3" then it is capitalised. Where it refers to a description of the phase of study, e.g. "for the next phase" or "typical of all phases", it remains lower case. Please note that the states of matter within the reactor are also referred to as phases, e.g. the liquid phase or gas phase. As this is also a description, the word phase is lower case for these instances also. to fresh medium and eventually were scaled to 2-l enrichment cultures to cultivate sufficient biomass for HFBR inoculation. The enriched culture was added to the HFBRs at the beginning of the trial and then re-circulated around the systems for several days to encourage biofilm formation.
Biofilm growth and inoculation
Experimental plan and data analysis
The study was divided into 3 phases (Phases 1, 2 and 3 lasting 150, 90 and 70 days respectively). The 3 phases of study ran consecutively with the end of one phase marking with the beginning of the next phase.
During Phase 1 the LNF (Table 2) Experimental results were statistically compared to check for significant improvements (between experiments) or differences (between replications). One-way analysis of variance (ANOVA) carried out using GraphPad InStat software (Version 3.10). The analysis was carried out at a confidence interval of 95% (a significance level of 0.05).
Results and discussion
CH4 Removal -Phase 1
150 days -10 o C: LNF only in the liquid phase
After inoculation with the enriched biomass, the 3 HFBRs were continuously operated and monitored under the Phase 1 conditions outlined in Table 1 . After a 25 day acclimation period, reasonably consistent removals were observed. Results for Phase 1 are outlined in Table 3 and in Figure 2 . Table 4 and Figure 3 . As can be seen from Figure 3 , similar removals were recorded in HFBRs 1 and 2 and removal rates in HFBR 3 were lower. This is supported by one way statistical analysis (ANOVA testing), which shows removals in HFBRs 1 and 2 were similar and that the difference in removal rates between them and HFBR 3 were significant. As the reactors were operated and sampled in triplicate during Phase 2, in-situ variations in microbial Similarly, by performing a comparison of variance between steady state removals during Phase 1 and Phase 2, the impact of adding the silicone oil to the LNF during Phase 2 was found to be statistically significant.
The principal mechanism for this enhancement is most likely increased mass transfer of methane into the LNF. The partition coefficient between a gas and liquid phase is closely related to the Henry's law constant and can be defined as: where;
(Equation 3) and K T1 g,l is the partition coefficient at temperature T1 (K), K T2 g,l is the partition coefficient at temperature T2 (K), DsolnH is enthalpy of solution and R is a gas constant.
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The partition coefficients for methane in water and oil at The performance of each reactor during Phase 3 is illustrated in Figure 4 and in Table 5 . Table 5 CH4 Removal Results for Phase 1 -Standard deviation shown in parentheses.
All removals in g CH4/m 3 /hr. As can be seen in Figure 4 
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Profile Removal Analysis
Profile analysis indicated removals were reasonably consistent down through the reactor during each phase, with no particular zone producing consistently higher or lower removal rates. Profile results for each of the three reactors during Phase 1 are illustrated in Figure 5 . Phase 2 results are presented in Figure 6 and Phase 3 results are presented in As CH4 moves down through the reactor, diffusion profiles through biofilm on each sheet will vary. Diffusion of methane through a methanotrophic biofilm can be given as follows (Nikiema et.al. 2009b ): Table 7 . Table 7 Estimated stoichiometric and kinetic values for methane oxidising biofilm operated at 10 o C and without additional transfer vectors. This correlation is illustrated in Figure 8 below, which estimates the CH4 concentration profile down through the reactor height for HFBR 1 during Phase 1 and the expected critical biofilm depth for CH4 in each zone. In two phase partitioning biofilm reactors (i.e. biofilm reactors which use a secondary non-aqueous phase such as silicone oil), interactions between the gas phase, liquid phase and microorganisms are more complex, but the flow of substrate through the biofilm is still determined as the product of the mass transfer coefficient and the concentration gradient between the interface and the bulk substrate concentration (Munoz et. al., 2007) .
Parameter
Therefore the above analysis provides an insight into the general trends expected for diffusion of CH4 into the biofilm following the addition of transfer vectors. Given that mass transfer and, therefore, rate of diffusion of CH4 into the biofilm increased during Phases 2 and 3, in addition to the slightly longer EBRTs that were applied, it is unlikely that diffusion was limiting during these Phases.
CO2 Production
CO2 production throughout HFBRs 1, 2 and 3 was monitored over each phase to give additional insight into methanotrophic activity in the biofilm. During each of the 3 phases
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the CO2 production followed a similar profile to CH4 oxidation ( Figure 9 shows the pattern during Phase 1, similar patterns were observed for all reactors during Phase 2 and
Phase 3). The CO2 yield (g CO2 produced per g CH4 oxidised -YCO2), during Phase 1 of these trials is somewhat less than that observed in previous, similar studies examining CH4 oxidation in a HFBR . This was most probably due to the different inoculation process used and nutrient feeding regime used in this study. A procedure to estimate the carbon diverted into biomass growth has previously been detailed . Using this procedure it was estimate that 9 x 10 -3 , 5 x 10 -3 and 4 x 10 -3 mol C/day were diverted into biomass growth in HFBRs 1, 2 and 3.
During Phase 2, effluent CO2 emissions increased slightly to 0.190, 0.169 and 0.133 mol/day for HFBRs 1, 2 and 3 respectively, representing increases of 74%, 59% and 46%.
These increases are roughly in line with the CH4 performance improvements of 31%, 79%
and 78% for HFBRs 1, 2 and 3 respectively. An increase in CO2 production correlated well with increased CH4 oxidation ( Figure 9 ) and thus the addition of the organic oil phase likely had a limited impact on CO2 production. In all phases linear relationship observed between CH4 oxidation and CO2 production (Figures 10a, 10b & 10c) .
Moreover, the carbon mass balance appeared to be largely unaffected, with 4 x 10 -4 , 6 x 
Nitrogen
Previous studies ) established that the optimum nitrogen concentration for a packed bed biofilter treating similar loads of CH4 to this study is 0.75 g N/L as nitrate (NO3-N). The results of that study also found that concentrations of 0.25 g N/L were generally as effective as concentrations of 0.75 up to a loading rate of 20 g CH4/m 3 /hr, therefore 0.25 g N/L as nitrate were included in the LNF for this study.
However during these trials, NO3-N uptake was variable (4 -34 %) and no clear pattern of uptake could be established from the LNF profile analysis (Figure 13 ). This contrasts with the uptake pattern of NH4 added to HFBR 3 during Phase 1, which steadily reduced in concentration as it passed through HFBR 3 (Figure 14) . The performance of HFBR 3
improved following the addition of 25 mg NH4-N/L suggesting that ammonia may be the preferred nitrogen species in a CH4 oxidising HFBR, in line with previous studies A larger pilot scale study would be required to complete an accurate cost-benefit analysis.
For example the addition of transfer vectors may result in additional running costs but could also lead to significant reductions in capital costs due to increased removal rates.
With further optimisation it may be possible to circumvent many of the additional costs incurred by using chemical transfer vectors. For example, an effective liquid phase recirculation strategy could significantly reduce material costs, although further research would be necessary to determine the degradation rates of nutrients and Brij 35 in the liquid phase. In addition, the HFBR has previously been shown to be a low cost and energy efficient reactor technology, both at laboratory and site scale (Clifford et. al., 2010;  Rodgers and Clifford, 2009).
Conclusions
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In this study, methods of improving the performance of a CH4 oxidising Horizontal Flow Biofilm Reactor (HFBR) operating at low temperatures were investigated. The study shows how liquid phase improvement using secondary organic liquid phases and nonionic surfactants can significantly reduce mass transfer limitations in a CH4 biofilm reactor. Furthermore, despite the low operating temperatures employed in this study, the HFBR technology has excellent potential to treat emissions of low concentrations of CH4.
The key conclusions are as follows: This is an area that may require further research.
 The addition of silicone oil to the liquid nutrient feed (LNF) led to performance improvements of 31%, 79% and 78% for HFBRs 1, HFBR 2 and HFBR 3 respectively.
The most probable reason for this improvement was increased mass transfer of CH4 into the liquid phase following the addition of the silicone oil. Further work could focus on the costs and cost benefits of using transfer vectors at a larger scale. Detailed microbial analysis currently underway will help characterise the microbial community's dominant in the HFBR during these trials and may illustrate provide additional information on processes within in the HFBR system.
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